The objective of this study was to define the nature, magnitude, and mechanisms of histamine-induced leukocyte-endothelial cell interactions in postcapillary venules of the rat mesentery using intravital microscopic techniques. Superfusion ofthe mesentery with histamine (10-7-10-M) resulted in a dose-related increase in the number of rolling leukocytes, a reduction in rolling velocity, and an increased clearance of FITC-labeled rat albumin from blood to superfusate. The histamine-induced recruitment of rolling leukocytes and increased albumin clearance were prevented by histamine H1 (hydroxyzine, diphenhydramine) but not H2 (cimetidine) receptor antagonists. Because histamine induces expression of the adhesion molecule P-selectin in cultured endothelial cells, a monoclonal antibody directed against rat P-selectin and soluble sialyl-LewisX oligosaccharide (the carbohydrate ligand to P-selectin) were also tested as inhibitors. Both were effective in preventing the histamine-induced recruitment of rolling leukocytes, but neither agent attenuated the increased albumin clearance. These observations suggest that (a) histamine recruits rolling leukocytes and increases albumin leakage in postcapillary venules via H1 receptor activation, (b) histamine-induced recruitment of rolling leukocytes is mediated in part by P-selectin expressed on the endothelial cell surface, and (c) the histamine-induced vascular albumin leakage is unrelated to leukocyte-endothelial cell adhesion. Our results are consistent with the view that histamine may act as a mediator of acute inflammatory reactions. (J. Clin. Invest. 1994.93:1508-1515.) Key words: leuko-
Introduction
Histamine has long been implicated as a mediator of acute inflammatory reactions (1) . The concept that histamine may act as an inflammatory mediator is based on several lines of evidence: (a) the actions ofhistamine in regional vascular beds closely parallel those seen in inflammatory foci, including vasodilation, increased vascular permeability, and interstitial edema; (b) histamine release has been demonstrated in a vari-ety of inflammatory conditions; and (c) histamine antagonists reduce the hyperemia and edema associated with early inflammation (1) (2) (3) (4) (5) . Interest in histamine as a modulator of the inflammatory response has increased recently with the recognition that neutrophils adhere avidly to monolayers of cultured vascular endothelial cells incubated with this autacoid (6, 7) . Histamine-induced neutrophil adhesion appears to be initiated from a rapid and transient cell-surface expression ofthe leukocyte adhesion molecule P-selectin (GMP-140/PADGEM) contained in secretory granules of both endothelial cells and platelets (6, 8, 9) . Despite these in vitro findings, a role for histamine in recruitment of neutrophils to sites of inflammation has not been documented in vivo.
P-selectin is one of three members of the selectin family. It is found in endothelial cells and platelets and is rapidly expressed in response to histamine (6, 10) , thrombin, and oxygen radicals. The other two members ofthe family are E-selectin, which is expressed on endothelial cells in response to inflammatory cytokines and endotoxin, and L-selectin which is constitutively expressed on neutrophils and other leukocytes (11, 12) . The selectins participate in neutrophil recruitment to sites ofinflammation in a multistep process involving rolling of the neutrophils on activated endothelium, activation ofthe rolling cells to upregulate integrin adhesion molecules, firm adhesion of the cells to the endothelium, and transmigration through the venule wall into the tissue (13) (14) (15) . Each of the three selectins has been proposed to participate in the initial rolling of leukocytes on the activated endothelium (13) (14) (15) . Evidence for P-selectin-mediated rolling of leukocytes is provided by in vitro studies using artificial lipid bilayers containing P-selectin ( 14) , immobilized platelets ( 16) , or histaminestimulated monolayers of endothelial cells (9) , all of which support rolling under flow conditions similar to those found in the microcirculation. In addition, the results of recent in vivo studies indicate that P-selectin contributes to the basal (spontaneous) leukocyte rolling observed in postcapillary venules of exteriorized mesenteric preparations ( 17, 18) . However, the importance of P-selectin in mediating the recruitment of rolling leukocvtes in postcapillary venules exposed to histamine remains unclear.
The overall objective of this study was to define the ability of histamine to induce leukocyte-endothelial cell interactions in rat mesenteric venules in vivo and to evaluate the role of P-selectin in these interactions. Four specific issues were addressed: (a) what are the effects of different concentrations of histamine ( l0-7-l0-5 M) on the rolling, adherence, and emigration ofleukocytes and vascular albumin leakage?; (b) which subtype (H 1 vs H2) of histamine receptors mediates the histamine-induced leukocyte-endothelial cell adhesion?; (c) does P-selectin contribute to histamine-mediated leukocyte-endo- for recognition by P-selectin, NeuAca2,3Gal,3l,4GlcNAcIBl,3GalI3-O(CH2)5COOCH3, were prepared by a combined chemical and enzymatic strategy (24, 25 , and Zheng, Z.-L., and S. DeFrees, unpublished observations). In experiments using mAbs, rats received an intravenous injection of the antibody (2 mg/kg) 30 min before superfusion with l0-5 M histamine. mAbs used included "blocking" (PBI.3; Pselectin/blocking/IgG,/clone 352)andnonblocking(PNBI .6;P-selectin/nonblocking/IgG,/clone P6H6) to P-selectin (26, 27) . PB1.3 cross-reacts with rat P-selectin, while PNB 1.6 appears not to cross-react (26) . Therefore, PNB 1.6 serves primarily as an isotype-matched antibody control in these experiments.
Neutrophil adhesion to cultured endothelial cells. The histamineactivated human umbilical vein endothelial cell (HUVEC) assay was performed essentially as described by Lorant et al. ( 15) . Primary HU-VEC were grown to confluence in 1% gelatin-coated (Sigma Chemical Co.) 96-well assay plates (Costar Corp., Cambridge, MA) in endothe-lial basal growth medium (Clonetics Corp., San Diego, CA) containing 2% human serum, 50 itg/ml gentamicin, 50 ng/ml amphotericin B, I Mg/ml hydrocortisone, and 10% FCS (JRH Biosciences, Lenexa, KS) but without bovine brain extract or epithelial growth factor. The monolayers were washed 3X with HBSS containing Ca2+ and Mg2" (Gibco Laboratories, Grand Island, NY), 1 mM Hepes (Gibco Laboratories), 0.2% d-glucose (Sigma Chemical Co.), and 0.5% BSA (Sigma Chemical Co.) (HBSSg/BSA). HUVEC were activated in the same buffer for 5 min with histamine (Sigma Chemical Co.) at 10-4 M for 5 min at 370C. Histamine receptor antagonists cimetidine (Sigma Chemical Co.) and diphenhydramine hydrochloride (Sigma Chemical Co.) at I0-' M were mixed with histamine before addition to the HUVEC.
Peripheral blood was obtained by venepuncture from healthy donors after informed consent according to protocols approved by the Human Subjects Review Board of Cytel Corporation. The blood was collected in syringes containing heparin (10 U/ml), and the neutrophils were isolated using Mono-poly Resolving Medium (Flow Laboratories, Inc., McLean, VA) at room temperature. Isolated neutrophils were washed 3X and resuspended in HBSSg/BSA.
After activation, the assay plate was washed lx in HBSSg/BSA, and 100 MAl ofbuffer containing 5 X I0 neutrophils was then added per well in HBSSg/BSA and allowed to settle for 5 min. The plates were then washed by inverting and refilling with 200 ul of HBSSg/BSA using a multichannel pipette 3x. Adhesion was quantitated by spectrophotometric analysis of myeloperoxidase (28) .
Statistics. The data were analyzed using standard statistical analyses, i.e., ANOVA with the Scheffe's (posthoc) test. All values are reported as mean±SE. Statistical significance was set at P < 0.05. Histamine-induced leukocyte rolling in mesenteric venules. The most profound effects ofhistamine on leukocyte-endothelial cell interactions were related to leukocyte rolling. Fig. 1 summarizes the changes in the flux of rolling leukocytes (A), leukocyte rolling velocity (B) , and number of rolling leukocytes (C) induced by different concentrations of histamine.
Over the concentration range of l0-7-I0-' M, histamine elicited a dose-related recruitment of rolling leukocytes (fivefold increase at 10-1 M) and reduced leukocyte rolling velocity (50% at 10-5 M). The net result of these changes was a dramatic increase in the number ofrolling leukocytes in postcapillary venules at any given moment in the presence ofhistamine ( 10-fold increase at I0-1 M). We were unable to demonstrate consistently histamine-induced recruitment of rolling leukocytes when the basal flux of rolling leukocytes exceeded 20 cells/min, suggesting that the leukocyte adhesion response to histamine is more readily apparent in preparations exhibiting minimal inflammation under control conditions. Histamine-induced leukocyte rolling and adhesion involves the HI receptor and P-selectin. The mechanism of histamineinduced rolling of leukocytes was investigated by examination of inhibitors of histamine receptors and known leukocyte-endothelial cell adhesion molecules. Fig. 2 shows the effect of histamine receptor antagonists on the leukocyte-rolling responses elicited by I0-1 M histamine. The histamine-induced recruitment of rolling leukocytes and the reduction in leukocyterolling velocity were largely eliminated by Hl receptor antagonists (hydroxyzine and diphenhydramine) but not by cimetidine (an H2 receptor antagonist), indicating that the histamine effect is mediated predominately by the HI receptor.
Since histamine is known to stimulate P-selectin-mediated adherence of neutrophils on cultured endothelial cells (6, 27) , it was of interest to determine if this activity was an H 1 recep- tor-dependent event. Indeed, as shown in Fig. 3 , an H1 receptor antagonist (diphenhydramine), but not the H2 antagonist (cimetidine), abolishes histamine-induced neutrophil adhesion to cultured human umbilical cord endothelial cells.
P-selectin, which has been shown to mediate leukocyte rolling on artificial membranes and endothelial cell monolayers under shear force (9, 14) , was therefore a prime candidate for the histamine-induced rolling ofleukocytes observed in mesenteric venules. Accordingly, several P-selectin antagonists were tested for their ability to inhibit histamine-induced leukocyte rolling. As shown in Fig. 4 , a blocking mAb to P-selectin (PB1.3) prevented recruitment of rolling leukocytes while a second isotype-matched nonblocking P-selectin antibody, which does not cross-react with rat P-selectin, had no effect. Similarly, a receptor antagonist based on a synthetic oligosaccharide containing the carbohydrate ligand of P-selectin SLe', NeuAca2,3Gal(31,4(Fuca l,3)GlcNAcI81,3Gal-R), also inhibited leukocyte rolling, while a closely related inactive analogue (SLN; NeuAca2,3Gal3l,4GIcNAc(31,3Gal-R) had no effect. Taken together, the results suggest that P-selectin plays a major role in histamine-induced leukocyte rolling in rat mesenteric venules.
Effects ofhistamine on leukocyte adherence, trans-endothelial migration and hemodynamic properties. (29) indicate that a 40% reduction in shear rate does result in significant recruitment of rolling and adherent leukocytes. Significant increases in the number ofadherent leukocytes were noted when the mesentery was superfused with histamine at concentrations of 10-6 and IO-s M. The increased leukocyte adherence induced by 10 -5 M histamine was significantly attenuated by SLex pentasaccharide, but not by the Hi and H2 receptor antagonists or the P-selectin mAb PB 1.3.
Histamine-induced increase in vascular permeability is not dependent on leukocyte rolling. Fig. 5 illustrates the relationship between histamine concentration and vascular FHTC-albumin clearance in rat mesentery. While there was a tendency for albumin clearance to increase with 10-6 M histamine, a statistically significant rise (threefold) in albumin clearance was noted only at a histamine concentration of 10-5 M. As shown in Fig. 6 , the increased vascular albumin clearance induced by IO-s M histamine was largely prevented by the HI receptor antagonists (hydroxyzine and diphenhydramine) but not by the H2 receptor antagonist cimetidine. The histamineinduced rise in vascular protein leakage was not affected by pretreatment with either SLeX oligosaccharide or the P-selectin antibody PB 1.3, both of which prevent leukocyte rolling (Fig. 4) .
Discussion
Recruitment of neutrophils and resultant neutrophil-mediated pathology is an early and rate-limiting step in acute inflammation. Neutrophil recruitment is largely confined to the venous segment of the microcirculation and appears to result from several identifiable sequential steps seen as an initial rolling of the cells on the activated endothelium, activation and firm adhesion of the neutrophil, and finally trans-endothelial migration into the surrounding tissue. Increasing evidence indicates that the processes of leukocyte rolling and adhesion are coordinated by separate and distinct leukocyte adhesion molecules representing three cell-adhesion receptor families, the integrins, the immunoglobulin superfamily, and the selectins (13) (14) (15) 30) . Neutrophil adhesion and trans-endothelial migration (43, 44) . In general, the proinflammatory effects of histamine have been attributed to H1 receptor activation of leukocytes (chemotaxis) and its effects on the permeability of microvascular endothelium (1) . Although several groups of investigators have reported histamineinduced enhancement of neutrophil adhesion to monolayers of cultured endothelial cells (6, 7, 15) , the consequences of such expression have not been evaluated in vivo.
In this study, we undertook a series of experiments that were designed to define the ability of histamine to induce in vivo leukocyte-endothelial cell adhesion in rat mesentericvenules. The results of our study demonstrate that histamine, over a concentration range of l0-'-lO-7 M, elicits a dose-dependent recruitment of rolling leukocytes and a reduction in leukocyte rolling velocity. Exposure ofthe mesenteric microcirculation to histamine did not lead to significant alterations in venular hemodynamics (e.g., wall shear rate), which indicates that the recruitment of rolling and adherent leukocytes induced by this autacoid cannot be attributed simply to shear rate-dependent leukocyte adhesion (29, 45) . The is only a prerequisite to the movement of neutrophils from the blood to the extravascular sites; it is not a committed step. One of the major objectives of this study was to assess whether P-selectin contributes to histamine-mediated leukocyte adhesion in vivo. Two experimental approaches were used to address this issue: (a) immunoneutralization of P-selectin with a specific mAb, and (b) functional inactivation ofP-selectin by administration of a soluble form of a carbohydrate component (SLex) of its putative ligand on endothelial cells. Our results indicate that intravascular administration of either a monoclonal antibody directed against P-selectin or the SLex oligosaccharide effectively prevents the recruitment of rolling leukocytes and reduction in leukocyte rolling velocity elicited in postcapillary venules by histamine. These observations provide evidence that expression of P-selectin on microvascular endothelium is a prerequisite for histamine-mediated leukocyte rolling and that histamine presumably stimulates leukocyte rolling via HI receptor-induced P-selectin mobilization from Weibel-Palade bodies (46) to the endothelial cell surface. The observation that the SLeX oligosaccharide was as effective as the P-selectin antibody in abolishing histamine-induced leukocyte rolling supports the view that SLeX is an inhibitor of P-selectin. Nonetheless, P-, E-, and L-selectin all bind with varying degrees of affinity to the oligosaccharide (47) . Consequently, we cannot rule out the possibility that the profound attenuation of histamine-induced leukocyte rolling associated with SLeX oligosaccharide administration reflects an inhibition of all selectins that are likely to be expressed/activated during the period of histamine exposure, i.e., P-and L-selectin. A well characterized biological action of histamine is the formation of large interendothelial cell gaps in postcapillary venules with a resultant increase in vascular protein leakage (1) (2) (3) . In some vascular beds, the histamine influence on venular permeability is mediated through stimulation of H2 receptors (3), however, in the majority oftissues studied, histamineinduced increases in vascular permeability is largely HI mediated ( 1). The results of our studies also indicate a dominant influence of H 1 receptors in the increased vascular permeability induced by histamine in rat mesentery. Inasmuch as H I receptor antagonists were effective in blocking both the increased vascular protein leakage and leukocyte-endothelial cell adhesion elicited by histamine, a question arises concerning the possible link between H 1-mediated leukocyte adhesion and increased protein leakage in postcapillary venules, i.e., is the histamine-induced increase in vascular protein leakage dependent on leukocyte adhesion? Our observation that the rise in vascular protein leakage was unaffected by agents which completely inhibit histamine-induced leukocyte-endothelial cell adhesion (P-selectin antibody, SLeX oligosaccharide) bears directly on this issue. This finding would argue against a primary role for leukocyte adhesion (rolling) in mediating the histamine-induced microvascular dysfunction and it is consistent with the view that histamine elicits the contraction ofendothelial actin-myosin filaments in postcapillary venules, which leads to the formation of intercellular gaps (5) . A dissociation between the vascular permeability changes and leukocyte adhesion induced by histamine is also supported by previous studies which demonstrate that neutropenia is associated with a significant reduction in the microvascular leakage normally elicited by LTB4, whereas the response to histamine is not affected (48) . Our previous studies on the relationship between leukocyte-endothelial cell adhesion and vascular protein leakage induced by platelet-activating factor or LTB4 suggests that adhesion-dependent neutrophil functions such as emigration and oxidant production play a more important role than leukocyte adherence or rolling per se in producing the alterations in vascular integrity observed in inflamed microvessels (49) .
In conclusion, the results of this study indicate that histamine promotes leukocyte rolling in postcapillary venules through engagement of HI receptors, presumably located on endothelial cells. The proadhesive effects of histamine appear to be largely mediated by an interaction between P-selectin on endothelial cells and a ligand containing SLeX on leukocytes. The vascular protein leakage induced by histamine is also mediated by H 1 receptors, but is unrelated to the leukocyte-endothelial cell adhesion. These observations provide a basis for the widely held view that histamine plays an important role in the early events associated with an inflammatory response.
